We recognize that red and blue can also imply other associations. For example, red might connote excitement or femininity, whereas blue might suggest sadness. Although we acknowledge these different associations, we simply suggest that in the cognitive task domain, red is predominately associated with dangers and mistakes and blue with openness and peace. In addition, we note that the same color may have different associations across cultures (28). All our studies were run in a North American university. Thus, future research should test whether our results can be generalized to other cultures.
Self-Sustained Replication of an RNA Enzyme
Tracey A. Lincoln and Gerald F. Joyce* An RNA enzyme that catalyzes the RNA-templated joining of RNA was converted to a format whereby two enzymes catalyze each other's synthesis from a total of four oligonucleotide substrates. These cross-replicating RNA enzymes undergo self-sustained exponential amplification in the absence of proteins or other biological materials. Amplification occurs with a doubling time of about 1 hour and can be continued indefinitely. Populations of various cross-replicating enzymes were constructed and allowed to compete for a common pool of substrates, during which recombinant replicators arose and grew to dominate the population. These replicating RNA enzymes can serve as an experimental model of a genetic system. Many such model systems could be constructed, allowing different selective outcomes to be related to the underlying properties of the genetic system. A long-standing research goal has been to devise a nonbiological system that undergoes replication in a self-sustained manner, brought about by enzymatic machinery that is part of the system being replicated. One way to realize this goal, inspired by the notion of primitive RNA-based life, would be for an RNA enzyme to catalyze the replication of RNA molecules, including the RNA enzyme itself (1) (2) (3) (4) . This has now been achieved in a cross-catalytic system involving two RNA enzymes that catalyze each other's synthesis from a total of four component substrates.
The "R3C" RNA enzyme is an RNA ligase that binds two oligonucleotide substrates through Watson-Crick pairing and catalyzes nucleophilic attack of the 3′-hydroxyl of one substrate on the 5′-triphosphate of the other, forming a 3′,5′-phosphodiester and releasing inorganic pyrophosphate (5). The R3C ligase was configured to self-replicate by joining two RNA molecules to produce another copy of itself (6) . This process was inefficient because the substrates formed a nonproductive complex that limited the extent of exponential growth, with a doubling time of about 17 hours and no more than two successive doublings.
The R3C ligase subsequently was converted to a cross-catalytic format (Fig. 1A) , whereby a plus-strand RNA enzyme (E) catalyzes the joining of two substrates (A′ and B′) to form a minusstrand enzyme (E′), which in turn catalyzes the joining of two substrates (A and B) to form a new plus-strand enzyme (7, 8) . This too was inefficient because of the formation of nonproductive complexes and the slow underlying rate of the two enzymes. The enzymes E and E′ operate with a rate constant of only~0.03 min -1 and a maximum extent of only 10 to 20% (9) . These rates are about 10 times slower than that of the parental R3C ligase (5), and when the two cross-catalytic reactions are carried out within a common mixture the rates are even slower (7) .
The catalytic properties of the cross-replicating RNA enzymes were improved by the use of in vitro evolution, optimizing the two component reactions in parallel and seeking solutions that would apply to both reactions when conducted in the crosscatalytic format (9) . The 5′-triphosphate-bearing substrate was joined to the enzyme via a hairpin loop (B′ to E and B to E′), and nucleotides within both the enzyme and the separate 3′-hydroxylbearing substrate (A′ and A) were randomized at a frequency of 12% per position. The two resulting populations of molecules were subjected to six rounds of stringent in vitro selection, selecting for their ability to react in progressively shorter times, ranging from 2 hours to 10 ms. Mutagenic polymerase chain reaction was performed after the third round to maintain diversity in the population. After the sixth round, individuals were cloned from both populations and sequenced. There was substantial sequence variability among the clones, but all contained mutations just upstream from the ligation junction that resulted in a G•U wobble pair at this position.
The G•U pair was installed in both enzymes and both 3′-hydroxyl-bearing substrates (Fig. 1B) . In the trimolecular reaction (with two separate substrates), the optimized enzymes E and E′ exhibited a rate constant of 1.3 and 0.3 min -1 with a maximum extent of 92 and 88%, respectively. The optimized enzymes underwent robust exponential amplification at a constant temperature of 42°C, with more than 25-fold amplification after 5 hours, followed by a leveling off as the supply of substrates became depleted ( Fig. 2A) . The data fit well to the logistic growth equation
where [E] t is the concentration of E (or E′) at time t, a is the maximum extent of growth, b is the degree of sigmoidicity, and c is the exponential growth rate. For the enzymes E and E′, the exponential growth rate was 0.92 and 1.05 hour -1 , respectively. Exponential growth can be continued indefinitely in a serial transfer experiment in which a portion of a completed reaction mixture is transferred to a new reaction vessel that contains a fresh supply of substrates. Six successive reactions were carried out in this fashion, each 5 hours in duration and transferring 4% of the material from one reaction mixture to the next. The first mixture contained 0.1 mM E and 0.1 mM E′, but all subsequent mixtures contained only those enzymes that were carried over in the transfer. Exponential growth was maintained throughout 30 hours total of incubation, with an overall amplification of greater than 10 8 -fold for each of the two enzymes (Fig. 2B) .
It is possible to construct variants of the crossreplicating RNA enzymes that differ in the regions of Watson-Crick pairing between the crosscatalytic partners without markedly affecting replication efficiency. These regions are located at the 5′ and 3′ ends of the enzyme (Fig. 1B) . Four nucleotide positions at both the 5′ and 3′ ends were varied, adopting the rule that each region contains one G•C and three A•U pairs so that there would be no substantial differences in base-pairing stability. Of the 32 possible pairs of complementary sequences for each region, 12 were chosen as a set of designated pairings (Fig.  1C) . Each pairing was associated with a particular sequence within the catalytic core of both members of a cross-replicating pair. Twelve pairs of cross-replicating enzymes were synthesized, as well as the 48 substrates (12 each of A, A′, B, and B′) necessary to support their exponential amplification. Each replicator was individually tested and demonstrated varying levels of catalytic activity and varying rates of exponential growth (fig. S1 ). The pair shown in Fig. 1B (now designated E1 and E1′) had the fastest rate of exponential growth, achieving about 20-fold amplification after 5 hours. The various cross-replicating enzymes shown in Fig. 1C had the following rank order of replication efficiency: E1, E10, E5, E4, E6, E3, E12, E7, E9, E8, E2, E11. The top five replicators all achieved more than 10-fold amplification after 5 hours, and all except E11 achieved at least fivefold amplification after 5 hours.
A next ( fig. S2A ). Individuals were cloned from the population after the final reaction and sequenced. Among 25 clones (sequencing E′ only), there was no dominant replicator ( fig. S2B) . E1′, E2′, E3′, and E4′ all were represented, as well as 17 clones that were the result of recombination between a particular A′ substrate and one of the three B′ substrates other than its original partner (or similarly for A and B). Recombination occurs when an enzyme binds and ligates a mismatched substrate. In principle, any A could become joined to any B or B′, and any A′ could become joined to any B′ or B, resulting in 64 possible enzymes. The set of replicators were designed so that cognate substrates have a binding advantage of several kilocalories per mole as compared with noncognate substrates ( fig.  S2C ), but once a mismatched substrate is bound and ligated, it forms a recombinant enzyme that also can cross-replicate. Recombinants can give rise to other recombinants, as well as revert back to nonrecombinants. Based on relative binding affinities, there are expected to be preferred pathways for mutation, primarily involving substitution among certain A′ or among certain B components ( fig. S2D) .
A second serial transfer experiment was initiated with a 0.1 mM concentration each of all 12 pairs of cross-replicating enzymes and a 5.0 mM concentration of each of the 48 corresponding substrates. This mixture allowed 132 possible pairs of recombinant cross-replicating enzymes as well as the 12 pairs of nonrecombinant cross-replicators. Twenty successive reactions were carried out over 100 hours, transferring 5% of the material from one reaction mixture to the next, and achieving an overall amplification of greater than 10 25 -fold (Fig. 3A) . Of 100 clones isolated after the final reaction (sequencing 50 E and 50 E′), only 7 were nonrecombinants (Fig. 3B) . The distribution was highly nonuniform, with sparse representation of molecules containing components A6 to A12 and B5 to B12 (and reciprocal components B6′ to B12′ and A5′ to A12′). The most frequently represented components were A5 and B3 (and reciprocal components B5′ and A3′). The three most abundant recombinants were A5B2, A5B3, and A5B4 (and their crossreplication partners), which together accounted for one third of all clones.
In the presence of their cognate substrates alone, E1 remained the most efficient replicator, but in the presence of all 48 substrates, the most efficient replicator was A5B3 (Fig. 3C) . When the A5B3 replicator was provided with a mixture of substrates corresponding to the components of the three most abundant recombinants, its exponential growth rate was the highest measured for any replicator (Fig.  3D) . The fitness of a pair of cross-replicating enzymes depends on several factors, including their intrinsic catalytic activity, exponential growth rate with cognate substrates, ability to withstand inhibition by other substrates in the mixture, and net rate of production through mutation among the various cross-replicators. The A5B3 recombinant and its cross-replication partner B5′A3′ have different catalytic cores (Fig. 1C) , and both exhibit comparable activity, accounting for their well-balanced rate of production throughout the course of exponential amplification (Fig. 3D) . The selective advantage of this cross-replicator appears to derive from its relative resistance to inhibition by other substrates in the mixture (Fig. 3C) and its ability to capitalize on facile mutation among substrates B2, B3, and B4 and among substrates A2′, A3′, and A4′ that comprise the most abundant recombinants ( fig. S2D ).
Populations of cross-replicating RNA enzymes can serve as a simplified experimental model of a genetic system with, at present, two genetic loci and 12 alleles per locus. It is likely, however, that the number of alleles could be increased by exploiting more than four nucleotide positions at the 5′ and 3′ ends of the enzyme and by relaxing the rule that these nucleotides form one G•C and three A•U pairs. In order to support much greater complexity, it will be necessary to constrain the set of substrates, for example, by using the population of newly formed enzymes to generate a daughter population of substrates (9) . An important challenge for an artificial RNA-based genetic system is to support a broad range of encoded functions, well beyond replication itself. Ultimately, the system should provide open-ended opportunities for discovering novel function, something that probably has not occurred on Earth since the time of the RNA world but presents an increasingly tangible research opportunity.
